Low-temperature illumination of a two-dimensional electron gas in GaAs quantum wells is known to greatly improve the quality of high-field magnetotransport. The improvement is known to occur even when the carrier density and mobility remain unchanged, but what exactly causes it remains unclear. Here, we investigate the effect of illumination on microwave photoresistance in low magnetic fields. We find that the amplitude of microwave-induced resistance oscillations grows dramatically after illumination. Dingle analysis reveals that this growth reflects a substantial increase in the single-particle (quantum) lifetime, which likely originates from the light-induced redistribution of charge enhancing the screening capability of the doping layers.
Even though low-temperature illumination of a twodimensional electron gas (2DEG) in GaAs quantum wells is known to improve the quality of high-field magnetotransport [1] [2] [3] , systematic investigations of this effect remain limited. One study [2] has investigated the effect of illumination on a 2DEG residing in a 30 nm-wide GaAs/Al 0.34 Ga 0.66 As quantum well with Si δ-doping layers placed directly in Al 0.34 Ga 0.66 As barriers on both sides at setback distances of 100 nm (above the well) and 120 nm (below the well). The initial effect of illumination is a considerable increase of both the density n e and the mobility µ of the 2DEG [4] which, predictably, resulted in better developed fractional quantum Hall (FQH) states. However, additional, higher-intensity illumination left n e and µ essentially unchanged, while the transport features, e.g., the fragile FQH states in the N = 1 Landau level, were further improved. This improvement was attributed to the enhanced screening of ionized impurities by an increased number of polarized neutral shallow donors [5] .
Another study [3] investigated the effect of illumination in a 2DEG hosted by a 30 nm-wide GaAs/Al 0.24 Ga 0.76 As quantum well utilizing a "modern" doping scheme. This heterostructure was also remotely doped on both sides, but Si atoms were placed inside very narrow GaAs "doping" wells sandwiched between thin AlAs layers [6] [7] [8] [9] [10] [11] [12] . Such doping scheme avoids formation of deep donor states, all Si atoms are ionized, but a significant fraction of donated electrons populate the X-band in surrounding AlAs layers. Interestingly, illumination of such structure can also lead to improvement of high-field transport characteristics even though it does not appreciably change n e and µ. For example, Ref. 3 has shown that illumination can significantly enhance the measured energy gap of the FQH state at filling factor ν = 5/2 and better development of other fragile quantum Hall states. The enhancement of transport quality was linked to improved homogeneity of the 2DEG achieved after illumination.
In this Rapid Communication we (i) examine the effect of illumination on the quality of the low-field magnetotransport under microwave irradiation and (ii) quantitatively assess the effect of illumination on total (quantum) lifetime τ q , which is a measure of electron-remote impurity scattering. To measure τ q we employ microwave-induced resistance oscillations (MIRO) [13, 14] which, in contrast to Shubnikov-de Haas oscillations [15] , are believed to be largely immune to macroscopic density fluctuations. We find that after illumination MIRO become more pronounced while extending to lower magnetic fields. The Dingle analysis reveals that the observed improvement is a result of significant enhancement of quantum lifetime which increases by a factor of about two. This enhancement presents strong evidence that illumination results in reduced scattering from remote impurities, presumably due to light-induced redistribution of charge improving the screening capability of the doping layers. Whether or not the increase of τ q also contributes to the improvement of highfield transport [1] [2] [3] remains an open question [9, 15] .
While we have investigated several samples with similar outcomes, here we present the results from two samples which exhibited almost no change in mobility due to illumination. The 2DEG in sample A (B) resides in a GaAs quantum well of width 30 nm (24.9 nm) surrounded by Al x Ga 1−x As barriers with x = 0.24 (x = 0.28). Sample A (B) utilized Si doping in narrow GaAs doping wells surrounded by thin AlAs layers and positioned at a setback distance of 75 nm (80 nm) on both sides of the GaAs well hosting the 2DEG [16] . Both samples were 4 × 4 mm squares with eight indium contacts fabricated at the corners and the midsides. When cooled in the dark, sample A (B) had the density n e ≈ 2.57 × 10 11 cm −2 (n e ≈ 3.33 × 10 11 cm −2 ). Low-temperature mobility was estimated to be µ ≈ 1.5 × 10
Measurements were performed in Faraday configuration; microwave radiation was delivered to the sample immersed in liquid 3 He inside a superconducting solenoid via a rectangular (WR-28) stainless steel waveguide with the magnetic field was applied perpendicular to the 2DEG. The longitudinal resistance R in sample A (B) was recorded using a standard low-frequency (a few Hz) four-terminal lock-in technique under continuous irradiation by microwaves of f = 34 GHz (f = 64 GHz) at a constant coolant temperature
Both sample A and sample B were illuminated by visible light (either green or white light-emitting diode) via the microwave waveguide at zero magnetic field for 10 minutes. For sample A, we followed a procedure outlined in Ref. 3; illumination at base temperature (T ≈ 0.3 K in our case) following up by an annealing step at T ≈ 2.5 K for 15 minutes. For sample B, we used "conventional" illumination temperature of T ≈ 5 K after which the sample was cooled down in the dark. After illumination procedure, the density of sample A (B) increased only by ≈ 4 × 10 9 cm −2 (≈ 9 × 10 9 cm −2 ) while the mobilities remained essentially unchanged. However, as we show next, both illumination protocols yielded substantial improvement of the quality of low-field magnetotransport, manifested by more pronounced MIRO, which we link to the enhancement of the quantum lifetime.
Before presenting our experimental results, we recall that the oscillatory microwave photoresistance δR, i.e., the change of resistance caused by microwave radiation, can be written as [17] [18] [19] [20] 
Here, R 0 is the resistance at B = 0, ǫ = 2πf /ω c , ω c = eB/m ⋆ is the cyclotron frequency, m ⋆ ≈ 0.06m 0 is the electron effective mass [21] [22] [23] , λ = exp(−π/ω c τ q ) is the Dingle factor, and P(ǫ) is the effective microwave power which, for linearly polarized microwaves, is given by [24, 25] 
where
] is the radiative decay rate, 2 √ ǫ eff = √ ε + 1 defines the effective dielectric constant ǫ eff , ε = 12.8 is the dielectric constant of GaAs, v F is the Fermi velocity, and E ac is the microwave electric field.
The effect of low-temperature illumination on MIRO in sample A is illustrated in Fig. 1(a) which shows the resistance R normalized to its zero-field value R 0 measured before (dotted line) and after (solid line) illumination under microwave irradiation of frequency f = 34 GHz at temperature T ≈ 0.3 K. Vertical lines are drawn at integer ǫ, as marked. The data clearly reveal that after illumination MIRO become more pronounced and extend to higher orders. Similar measurements in sample B, though employing different illumination procedure, yielded qualitatively identical results, as illustrated in Fig. 1(b) showing the data at f = 68 GHz and T ≈ 1.8 K.
The results in Fig. 1 reveal that the enhancement of MIRO after illumination is significantly more pronounced at higher ǫ, signaling an increase in quantum lifetime. To quantify this increase, we performed Dingle analysis of MIRO. Following Eq. (1), we introduce a reduced MIRO amplitude A = |δR| max P 0 /2πǫPR 0 [27] , where |δR| max is the measured MIRO amplitude. The results for sample A and sample B are presented in Fig. 2(a) and (b) , respectively, which show A as a function of ǫ extracted from the data acquired before ( ) and after ( ) illumination. Fitting the data with A = A 0 exp(−ǫ/f τ q ) (solid lines) reveals that illumination enhances τ q from 23 ps to 44 ps in sample A and from 16 ps to 32 ps in sample B.
It is known that in contrast to Shubnikov-de Haas oscillations [28, 29] , MIRO yield the quantum lifetime which is reduced by electron-electron scattering [30] . More specifically [18, [31] [32] [33] [34] , one can write:
where τ 
31, 32]
Here, E F is the Fermi energy and a B ≈ 11 nm is the Bohr radius in GaAs. It is clear that subtracting the electron-electron contribution will only increase the change in impurity-limited quantum lifetime caused by illumination. Because measurements on sample A were performed at low temperature (T ≈ 0.3 K), electron-electron scattering rate is much smaller than τ
q,0 . In sample B, however, Eq. (4) yields τ ee ≈ 80 ps and using Eq. (3) we can estimate that τ q,0 increases from τ q,0 ≈ 20 ps to τ q,0 ≈ 53 ps upon illumination.
While the observed increase of quantum lifetime after illumination in both samples is quite significant, the momentum relaxation time τ remained virtually unchanged. This observation allows us to establish the source of disorder which is affected by illumination. Since the quantum scattering rate, in general, is much more sensitive to remote impurities than the transport scattering rate, we can conclude that illumination primarily affects scattering from remote impurities rather than from those in the vicinity of the GaAs quantum well. Insensitivity of τ to illumination then suggests that contribution of the remote impurities to the momentum relaxation rate is negligible even before the illumination, i.e., that τ is limited by scattering from unintentional background impurities within the GaAs quantum well and in the AlGaAs barriers [12, 35] . The quantum scattering rate, on the other hand, can still contain a sizable or even dominant contribution from the remote impurities, e.g. Si ions in the doping layers, before the sample has been illuminated.
Recent theoretical examination [12, 35] of the doping layers has shown that excess electrons which occupy the X-bands of the AlAs mini-wells form compact dipoles with donors of their choice (to minimize their energy) which reside in GaAs mini-wells. These X-electrons can effectively screen the random potential from the remaining un-paired ionized Si atoms and the screening effectiveness grows rapidly with their number. Because of this fast growth, the doping layer which has fewer X-electrons will contribute much more strongly to scattering than the other one. In typical samples, such as ours, this would be the top doping layer which donate significant number of electrons to compensate surface states. If the illumination can increase the number of X-electrons in the top doping layer, e.g., by returning electrons from the surface [36] , one can expect a significant reduction of the quantum scattering rate. Assuming that after illumination the number of X-electrons in the top doping layer becomes similar to that in the bottom doping layer, theoretical estimates [12, 35] show that the remote impurity-limited quantum lifetime should be several times higher than observed in our experiment. Our findings thus suggest that the quantum scattering rate after illumination is limited by scattering off background impurities residing in the main GaAs quantum well and in surrounding AlGaAs barriers.
While we clearly established that illumination significantly reduces quantum scattering rate, whether the observed reduction is the sole cause for the concurrent improvement in highfield transport characteristics [1] [2] [3] can be debated [9, 15] . Indeed, as mentioned in Ref. 3, low-temperature illumination can also lead to improved density homogeneity of the 2DEG under study which must lead to improved development of FQH states, e.g., the increase of the excitation gap at ν = 5/2. MIRO, on the other hand, are nearly immune to macroscopic density fluctuations and therefore their enhancement can be linked directly to the increase of the quantum lifetime. Indeed, the enhancement of MIRO accompanied by an increase in τ q has been observed even when samples became less homogeneous after illumination.
In summary, we have investigated the effect of lowtemperature illumination on low-field magnetotransport characteristics of two-dimensional electrons in GaAs quantum wells subjected to microwave radiation. We have found that microwave-induced resistance oscillations become significantly enhanced after illumination and that this enhancement is due to the increase of the quantum lifetime of the 2D electrons. We believe that the observed increase likely orig-inates from the light-induced redistribution of charge which increases the number of X-electrons in the top doping layer. Insensitivity of transport scattering rate to illumination confirms that electron mobility is limited by background impurities in the vicinity of GaAs quantum well hosting the 2DEG even before illumination.
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